Introduction
In recent years, interest in the use of air-compression refrigerating machines (ARM) in air-conditioning systems and air heat-pump installations (AHPI) of heating systems has been reviving worldwide. It is mainly due to prohibitive measures dictated by the need of improving the environmental situation. Imposing restrictions of the Montreal and Kyoto Protocols related to the use of ozone-hazardous freons in refrigeration and heat pump equipment will gradually result in a reduction of the scope of application of vapor-compression refrigerating machines and heat pumps. Obviously, other thermal transformation technologies that are safer for environment will occupy the vacant niche. A special position is occupied by air-compression refrigerating machines and air heat-pump installations operating according to the Brayton reverse cycle in which air is both a source of low-potential heat and a refrigerant.
Aviation turbo-expanders with exhausted engine life can be used as ARM and AHPI equipment. Use of such "conver-sion" ARM and AHPI is possible in microclimate systems for underground structures of metro stations [1] .
In this connection, the current problem is development of schematic solutions for ARM and AHPI to incorporate them into existing ventilation and heating systems of metro stations. To solve this problem, it is necessary to perform a work package which can be divided into several stages.
Stage 1 involves a search for rational schematic solutions for ARM and AHPI as well as the ways of their inclusion in conventional heat-supply and ventilation schemes of metro stations. This takes into consideration standard technological equipment and parameters and volumes of thermal emissions [2] . At stage 2, optimization of the Brayton's reverse cycle parameters is performed taking into consideration the limitations associated with thermal conditions of the main tunnel ventilation of the metro stations. Restrictions are imposed by requirements to the ventilation air parameters as well as the capabilities of the process equipment of ventilation systems (pressure level) and the values of efficiency factors of compressors and expanders [2] . Conditions of energy-efficient operation of AHPI are determined taking into consideration the so-called scale factor, the design heat output of the installation [3, 4] . Thermodynamic analysis is performed and exergy efficiency of each element and the whole installation is determined at stage 3. At stage 4, thermoeconomic diagnostics and optimization of the adopted schematic solutions are performed. Recommendations for a thermo-economic optimization of the refrigerating machine cycles and corresponding methods are given in [5, 6] .
Papers [2] [3] [4] are devoted to stages 1 and 2. It is relevant to consider stage 3 related to the development of schematic solutions for ARM and AHPI which should be devoted to indepth thermodynamic analysis. It provides for a block-modular principle of ARM and AHPI calculation. The blocks contain equations describing thermodynamic properties of air, relationships for finding parameters of the working substance at the node points of the cycle, equations for calculating exergy flow and a block for statistical data processing.
Literature review and problem statement
Development of next-generation ARMs and AHPIs which can compete with vapor-compression machines is practically impossible without conducting in-depth thermodynamic analysis at the design stage. Such analysis can show what of the system elements is the main source of exergy losses taking into consideration nonequivalence and interrelations in the system. At the early stages of system development, thermodynamic analysis makes it possible to correct adopted technical solutions or reveal their lack of prospects. In the case of installation operation, it is capable to identify the scheme "problem elements" with a too high specific consumption of exergy.
In-depth thermodynamic analysis distinguishes exogenous and endogenous destruction of exergy in the thermotransformer cycle [7] [8] [9] . Endogenous exergy destruction
is associated exclusively with imperfection of the k-th element of the scheme. Exogenous part of exergy destruction that occurs in the same k-th component depends on the presence of irreversibility in other components of the scheme.
Article [7] is devoted to analysis of Given limited initial information on the degree of influence of the efficiency factor of each process on efficiency of the entire system, the following procedure for calculation of E E corresponding to the considered modes were constructed. Thus, the authors used the method of linear regression twice: first to derive dependence An alternative approach to determination of endogenous and exogenous destruction of exergy based on the Valero and Lozano theory of exergy cost was considered in [10] . The theory of exergy cost [11] was developed for thermo-economic diagnostics of the energy-transforming system and revealing causes of additional resource consumption by the system due to inefficiency of any of its elements. The theory is based on general economic principles of representation of technical systems, such as resource, structure, efficiency and purpose. It takes into consideration nonequivalence and interdependence of exergy losses in each element, as well as the effect of losses on the total exergy consumption. To determine E a thermo-economic model of the production structure including a set of relationships describing exergy transformation should be formed. This model serves as a basis for determining exergy losses associated with each flow and evaluating effectiveness of the entire system. The model reflects topology of exergy transformation processes and not the technical topology of the system itself. The production structure of the energy-transforming system is represented in a form of a functional scheme in which exergy flows at the input to and output from the element are classified according to the qualitative criterion "fuel" and "product". The interrelation between the elements of the production structure is identified on the basis of their functional connection. To calculate exergy losses, a matrix form of recording exergy balances and a method of graphs for their solution are used. By determining the resource consumed by the element (its "fuel"), and singling out its "product" expressed through the exergy of the associated material or energy flows, it is possible to reveal additional consumption of "fuel" of the entire system caused by abnormal operation of a particular scheme element. The terminology that is used somewhat differs from the terminology of the hybrid cycle method. For example, instead of the endogenous and exogenous components of exergy destruction, concepts of anomaly and dysfunction are introduced. The anomaly (an analogue of endogenous destruction) is associated exclusively with the growth of the specific consumption of "fuel" in the element in question compared to the reference mode. Dysfunction (an analogue of exogenous destruction) is associated with the presence of anomalies in other elements which in turn cause a change in the "product" of the element in question.
In an earlier work [12] devoted to the development of a procedure of thermoeconomic diagnostics based on the theory of exergy cost, the authors determined only endogenous exergy destruction and so-called "structural" irreversibility. Developing further this approach, work [13] in determining dysfunction began to identify the portions of anomalies associated with inefficiency of other elements of the scheme. Despite this significant addition, the procedure of thermoeconomic diagnostics is not without its shortcomings. One of the "weaknesses" of the procedure is that the results entirely depend on the way of decomposition of exergy flows. Assigning the function "fuel" or its "product" to each flow of exergy is based in a number of cases on authors' subjective ideas regarding the functional purpose of the scheme element. No clear rules for assigning "fuel" or "product" function to the flow were formulated. In many respects, the question of distribution of "remainders" [14] , that is, those exergy flows for which the system's exergy of "fuel" was expended but whose "product" (in a form of an increment of the flow exergy) is taken from the system to environment without its useful consumption remains controversial. To put it simply, the residual flow is the system's "by-product" which is released into environment by means of a dissipating element (condenser, cooling tower, heat exchanger). It is stated in [14] that for simple closed cycles, distribution of costs connected with the residual flow must be proportional to the value of the entropy production value in each element. At the same time, for complex and open cycles, this should be done in a proportion to the value of each element exergy of "fuel".
Formalization of the results of the exergy analysis, namely, translating them into a "practical plane", also remains an open-ended question not solved in any of the approaches mentioned. Obviously, the subject field of applying results of in-depth exergy analysis is a system of expert monitoring of installation efficiency. However, difficulties also appear largely related to the correct interpretation of the results and the question "what to do next with these results?" It is important to note that the exergy value itself (specific consumption of exergy by an element) is not a really controlled parameter. It cannot be measured as temperature, pressure or mass flow though it is defined by them. This is a manifesting property of a system, in other words, a system effect which depends on quality of the structural relationships between the components of a thermotransformer (of "hardness") process scheme. Growth of exergy cost manifests itself as an additional consumption of system resources on compensation for an anomaly that arose in the element. To get competent recommendations on improvement of a thermotransformer scheme, it is necessary to connect the "fuel" exergy consumed by each element with a concrete parameter affecting efficiency of the process, e. g. isentropic efficiency factor of the compressor, temperature head in a heat exchanger, its hydraulic resistance, etc. It is impossible to establish such connection by analytical methods because of the multifactor nature of this problem. The only possible way to establish this relationship is statistical processing of multivariate calculations made by a thermo-economic model.
Thus, it can be stated that with the exception of the approach based on the exergy cost theory, all other approaches do not provide an integral picture of thermodynamic analysis. They are focused only on solution of a concrete partial problem of determining the exogenous and endogenous components of exergy destruction in an element. For a rational design of thermotransformation systems, it is also important to take into consideration the amount of the consumed drive energy of the system necessary to compensate for exergy destruction.
The aim and objectives of the study
This study objective was to develop a procedure for indepth thermodynamic analysis of the ARM based on the exergy cost theory which will make it possible to take into consideration non-equivalence of exergy losses in various points of the thermotransformation process. Application of the exergy cost theory formalizes the process of building a thermo-economic model of the system enabling building of models of individual processes with a complex topology while reducing possible probability of subjective errors in the system development.
To achieve this goal, the following tasks were formulated: -develop a parametric flow graph that equivalently reflects structural topology of the single-stage scheme of the ARM and its properties;
-perform a factor analysis of the effect of the isentropic efficiency factors of the turbocompressor and turboexpander and the ambient temperature on the exergy indicators of the ARM and obtain corresponding generalized dependences of indicators of exergy efficiency of elements and the system as a whole on variable factors.
The general principle of constructing a thermo-economic model of an air-compression refrigerating machine
To determine anomalies and dysfunctions in the system elements and exergy cost of the exergy flows, a comparative analysis of two operating modes of the installation is necessary, i. e., reference and real modes. The real mode is characterized by the presence of anomalies in operation of the elements that arise during operation of the installation. As a reference mode, the mode obtained by the procedure of thermodynamic idealization of processes was chosen which involves elimination of technical exergy losses in the elements. The rules for eliminating technical losses during idealization of cycles were considered in [9] . According to the rules, when constructing an idealized reference cycle of the ARM, the values of the isentropic efficiency factors of the compressor and expander are assumed to be one. Also, the minimum temperature head in heat exchangers is excluded. An obligatory condition for the analysis is presence of the same "product" of installation (exergy cooling capacity) for both modes. To calculate air parameters in characteristic points of the cycle, recommendations of [15] were used. Exergy of flows were calculated by the procedure presented in [16] .
Let us consider the main provisions of the procedure. When determining the exergy cost of each exergy flow taking into consideration recommendations of [17] , distinguish the purpose of the flow coming in or outgoing from the k-th element by criterion "fuel F" -"product P". For the scheme shown in Fig. 1 , separation of exergy flows is shown in Table 1 . 4 for the serial number of the element; E for exergy of flow, the first subscript denotes the number of the element from which E comes out, the second subscript denotes the number of the element into which E enters; E 2-0 , E 0-2 is air exergy at the inlet and outlet of the refrigerator; E 0-4 , E 4-0 is air exergy at the inlet and outlet of the heat exchanger; N ed is power of the electric drive, supplied to the KM; N ed is the power produced by EXP . The sum of N ed and N exp is the exergy flow E 0-1 .
The equation of the exergy balance for the k-th element can be written as , ,
where , k F k P is "fuel" and "product" of the k-th element; Е D,k is exergy destruction in the element; R k is the "residue" flows. The products of dissipative elements are residual flows. In the ARM scheme (Fig. 1) , heat exchanger (HEX) is the dissipative element. Table 1 Separation of exergy flows by the "fuel " and "product " principle for the Brayton's air-compression refrigerating machine Fig. 2 shows the exergy flows entering the k-th element from the i-th elements (i=1, 2,...,n) and to/from environment. Also, Fig. 2 shows distribution of "residue" flows among those elements in which exergy was consumed for their production.
Fig. 2. A generalized diagram of the image of the target exergy flows in the installation
Proceeding from the scheme (Fig. 2) , expression for the "fuel" flow of the k-th element can be written as
where E 0k are the exergy flows entering the system from external sources; Е ik is exergy flows which are the "products" of other elements and enter the k-th element in a form of "fuel". In this case, the flow with index i will be positive if it comes to the k-th element from the i-th element and negative if it leaves the k-th element and enters the i-th element (Fig. 2) .
The "product" of the element is
where Е k0 is exergy flows which are a "product" for environment; ki E is exergy flows emerging from the k-th element as "product" and entering the i-th element as "fuel".
Specific consumption of exergy in an element is defined as the ratio of "fuel" to its "product"
Since the analysis is performed by comparing reference and real modes, then writing equation (1) 
fuel overconsumption can be determined in the k-th element. The superscript index "0" in (3) denotes the reference mode. The change in exergy destruction in a real mode in comparison with the reference mode
represents a removable component of the Е D,k , destruction since all losses in the reference mode are considered to be unrecoverable. In its turn, the removable component of exergy destruction is divided into endogenous and exogenous parts:
.
Using the terminology of the exergy cost theory, the endogenous component of exergy destruction
will be henceforth called an anomaly in the element and determined by the formula
where Δ ik k is the change of specific consumption of exergy in the element compared to the reference mode; k is the specific exergy value of the "product" of the k-th element which is determined taking into consideration the exergy cost of other elements , * P i k (i≠k) and also taking into consideration the exergy spent for production of the dissipative element product ρ ik :
If flow ik E refers to the "product" of the i-th element, then according to the rule of exergy cost [10, 11] 
is specific exergy cost which is equal to the exergy consumed by the element for production of 1 kW of its "product", kW/kW; is the ratio of the exergy flow entering the dissipative element to its "fuel".
In this case, P i is the product of the dissipative element and is equal to the amount of exergy 0 , i R that is diverted from the dissipative element to environment, F i is "fuel" of the dissipative element.
The cost of the remainder distributed between the elements can be written as
Provided that the target products of the installation in the reference and real modes are equal (ΔΡ Т =0), the additional "fuel" consumption Т F Δ by installation can be expressed through MF and DF as
MF is the cost of anomaly in the element (the system fuel consumptions for eliminating exergy losses in the element).
Thermo-economic diagnostics use the element's productivity indicator [18] 
Indicator f k allows one to estimate additional consumption of the system's "fuel" caused by appearance of an anomaly in the element.
Matrix form of recording the exergy balance
It is known that equation of the exergy balance (1) characterizes only presence of losses and does not reflect their interrelation in various elements of the scheme. Besides, the system "fuel" consumption to compensate for exergy losses can be larger or smaller than the losses themselves depending on the topology of the scheme, the exergy conversion "path length".
In order to take into consideration influence of the structure of the process scheme, we use a matrix form of recording exergy balances [19] . Such an approach will largely allow us to overcome computational and methodological difficulties caused by the structure of the connections in the system and the problem dimension. The incidence matrix uniquely determines relationships in the elemental ARM structure and is, in fact, a mathematical model of the scheme structure topology. The number of units in each line gives localization of elements with separation or mixing of exergy flows, and the sign determines subordination of the flows to each element [20] .
Let us carry out analysis of the exergy transformation using signal graphs that visually reflect the cause-effect relationships between the signals of a complex system. The values of exergy flows are considered here as the system signals [21] .
For the computer representation of structural relationships, the ARM scheme (Fig. 1) can be represented as a directed graph D=(V; L) consisting of a set of vertices V (ARM elements) and a set L of ordered pairs of vertices i, k∈V (Fig. 3) .
Circled numbers in Fig. 3 correspond to the numbers of vertices (equipment items) and the numbers near the arrows are ordered pairs of vertices (exergy flow). Connections between the incident elements of the graph are represented by matrix A, then by a total input matrix in which rows correspond to the elements of the installation and the columns correspond to the mass flows and the work produced and consumed. The size of the matrix is 4×10 (4 main elements of the installation, and 10 mass flows and working interactions). The flow entering the element is +1, and the outgoing flow is -1. 
Thus, the exergy balance can be written in the matrix form as
where E is a column that contains exergy of each mass flow and exergy of the heat and work flows. The term E D is the required column vector, the elements of which characterize loss of exergy in a corresponding k-th element of the equipment.
Representation of the exergy balance in the "fuel" -"product" system can be represented as:
A F E=F; A P E=P; A R E=R.
Here A F , A P , A R are the input matrixes of fuel, products, and residues; F, P, R are the column vectors containing exergies of fuel, products and residues, respectively.
For the considered ARM scheme, A F , A P , A R are written as follows: 
Following determining the input matrices, a diagonal matrix K D can be constructed. It contains exergy consumption in each equipment element (2)
The main thesis of the exergy cost theory is that the exergy cost of any flow be it "fuel" or "product", will be equal to the exergy spent for its production, i. e. F P = * * (Fig. 2) . Then this postulate can be written in a matrix form as 0, ⋅ = * A E where * E is the required vector-column with its elements characterizing the exergy cost of the installation flows.
To determine * , E the input matrix A must be supplemented with equations that would reflect the following factors:
1. Flows introduced to the installation and their exergy. 2. Presence of internal branches, i. e., presence of several element outputs connected to other equipment of the system.
3. Presence of residues that have zero exergy in the event that additional exergy is not spent for their elimination, and, if spent, it is a "negative" exergy.
4. Presence of by-products. As a result, the system of equations for determination of * E will have the form:
where
is the square expanded input matrix consisting of an input A and an internal α matrices; Ω is a vector-column which includes the following elements: the exergy of the entrance, the exergy of the products, the exergy of the remnants.
For the considered ARM, the matrix size α is 6×10, thus (5) 
Here, the exergy cost * 10 E is equal to the exergy of the input flow to the installation E 10 installation (Fig. 1) . The proportionality factors x 1 and x 4 were derived from the balance of the exergy cost of the flows, namely:
-for СM, the balance is written as * * * 2 1
10 , E E E − = hence, if the right-hand side of the equation is equate to zero, the following can be written: Q E By analogy with the CM, the following can be written:
The difference in flows 6 and 7 is the exergy of heat which is diverted from the dissipative element to the environment as a by-product (residue). In this case, its exergy cost is equated to 0 which is also taken into consideration in the Λ matrix.
Next, exergy values of "fuel", "product" of elements and additional consumption of "fuel" by installation according to the above theory (Section 4) are found.
To implement the described algorithm, TAESS-circe software was used based on the method of graphs.
Results of numerical realization of the procedure of thermodynamic analysis of the ARM
Using the procedure of in-depth thermodynamic analysis, component distribution of fuel consumption by each ARM element was found. As can be seen from Using the proposed algorithm, sensitivity of the ARM characteristics to the change in local system parameters was analyzed. This made it possible to reveal for some scheme elements the modes of their operation unfavorable in terms of exergy consumption. 
cm is
This indicates an essentially non-linear relationship between the cycle parameters. Table 2 gives results of thermodynamic analysis of the ARM at various ambient temperatures: Т env =25 °C and P env = =0.1 MPa (variant a); Т env =30 °C and P env =0.1 MPa (variant b) Table 2 Change of the values of exergy flows "fuel " -"product " for two modes of the ARM operation As can be seen from Table 2 , with an increase in Т env , there is an average 13-20 % increase in consumption of the exergy of "fuel" by each element of the ARM.
Discussion of the results obtained in thermodynamic analysis of the air-compression refrigerating machine
The procedure of making in-depth thermodynamic analysis of the ARM developed on the basis of the exergy cost theory makes it possible to evaluate effectiveness of both individual elements and the whole scheme at various stages of system creation. To implement the procedure, an algorithm was proposed for constructing a thermo-economic model of the ARM which takes into consideration structural and topological features of the scheme and the relationship between its elements. The generalized dependencies of exergy indicators on variable factors obtained by numerical implementation of the procedure make it possible to identify unfavorable operating conditions for the ARM equipment with increased energy consumption. In constructing generalized dependencies, the apparatus of design an experiment was used which has made it possible to take into consideration the interrelated influence of variable factors on the installation performance.
Not taking into consideration the effect of pressure loss in the ARM heat exchangers is limitation of the proposed procedure. However, with a corresponding addition of the calculation units, this drawback can be taken into consideration as well.
In terms of further development of this procedure, the problem of constructing a thermo-economic model for more complicated regenerative schemes and the ARM schemes implementing the Brayton's open-air cycle can be considered.
Conclusions
1. A parametric flow graph that equivalently reflects the structural topology of the single-stage ARM scheme and its properties was developed. This allowed us to apply the matrix approach of recording exergy balances which is necessary for automating the process of calculating the exergy destruction in the elements of complex schemes.
2. Anomalies and dysfunctions in each ARM element were revealed and their effect on consumption of the exergy of "fuel" for the entire system was established. The greatest influence on the change of consumption of the exergy of "fuel" of the system was exerted by the efficiency factor of the turboexpander. It was established that the CM co-opts dysfunctions of all other elements of the scheme while it is the most sensitive element to the change of exergy losses. Conservatism of REF to the change of exergy losses and their influence on consumption of the exergy of "fuel" was observed. Linear character of the change of consumption of the exergy of "fuel" was revealed for each element when ambient temperature varies. With an increase in T OC from 25 °C to 30 °C, consumption of the exergy of "fuel" in the system increases by 19.6 % while the total destruction increases by 21.7 %.
